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Motivated by the recent result of XENON1T collaboration with full exposure, 279 life days, that sets the
most stringent limit on the spin-independent dark matter-nucleon scattering cross section we discuss a dark
E6-inspired model that features the presence of a U(1)d−u gauge symmetry. The dark matter candidate is a
Dirac fermion that interacts with Standard Model fermions via a massive Z′ that preserves the quantum number
assignments of this symmetry. We compute the spin-independent scattering cross section off xenon nucleus and
compare with the XENON1T limit; find the LHC bound on the Z′ mass as well as the projection sensitivity
of high-energy and luminosity LHC; and derive the Fermi-LAT bounds on the dark matter annihilation cross
section based on the observation of gamma-rays in the direction of Dwarf Spheroidal galaxies. We exploit the
complementarity between these datasets to conclude that the new bound from XENON1T severely constrain the
model, which combined with the LHC upgrade sensitivity rules out this WIMP realization setup below 5 TeV.
I. INTRODUCTION
The presence of dark matter (DM) has been established
by numerous observations stemming from different scales
and epochs in the history of the universe [1]. Apart from
gravitation effects, we have not been able to detect the
interactions involving dark matter particles and for this reason
its nature remains unknown [2, 3]. There are several dark
matter candidates in the literature with masses spanning
over several orders of magnitude [4, 5]. However, massive
particles that are thermally in the universe are theoretically
well motivated the most popular (massive particles that are
thermally produced stays the most popular)[4, 6, 7]. They
are commonly referred to as WIMPs (Weakly Interacting
Massive Particles) [8].
WIMPs are subject of intense searches that involved
different techniques and observables which are classified as
direct, indirect and collider probes [9, 10]. Direct detection
refers to the measurement of the recoil energy deposited in
nuclear scatterings by WIMP-like particles on their scattering
off of nuclei target used in underground experiments [11].
Using discriminating variable to distinguish nuclear recoil
from electron recoil and a good control over background
from various sources, direct detection experiments become
discover machines since the scattering rate depends on the
properties of dark matter particle, such as the scattering
cross section and mass [12–15], and the local dark matter
density [16–18] . Therefore, null results from direct detection
experiments can be interpreted as upper limits on the pair
WIMP-nucleon scattering cross section and dark matter mass
[19]. We have several experiments searching for WIMP
events using different readout techniques and targets that
make them complementary to each other and sensitive to
different regions of the scattering cross section vs dark matter
mass parameter space [20, 21].
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Indirect detection covers to the observation of gamma-rays
or other possible final states resulted from DM annihilation or
decay [22–32]. Fermi-LAT has been continuously observing
the gamma-ray emission in the direction of over a dozen
of Dwarf Spheroidal galaxies which are dominated by dark
matter, and since no significant excess has been observed,
restrictive limits have been placed on the gamma-ray flux
resulted from dark matter annihilations[33, 34]. The gamma-
ray flux originated from dark matter annihilation depends
on the dark matter density distribution known as density
profile; the gamma-ray energy spectrum that accounts for
how many gamma-rays are produced per annihilation; on
the annihilation cross section and dark matter mass [35–38].
The gamma-ray flux produced by dark matter annihilation
is very important especially for dark matter models that rely
entirely on the thermal production of dark matter and the
dark matter annihilation cross section is velocity independent
as it happens to be the case for our dark E6-inspired model
[39–43].
Collider searches for WIMPs are characterized by events
featuring large missing energy accompanied by visible
counter-parts [44–47]. Sometimes the most efficient method
to probe a dark sector is not by searching for the dark matter
itself at colliders, especially when it has mediators involved
have sizable couplings to SM fermions. In the model we
consider, the massive Z ′ does have sizable couplings to
leptons and thus it is subject to stringent bounds stemming
from the LHC [48–50].
With these dark matter searches in mind, a multitude of
phenomenological studies have been carried out to illustrate
the viable parameter based on simplified dark matter models
without specifying a gauge group. One of the most attractive
is the Dirac fermion charged under an U(1) gauge symmetry.
In this context, the Z ′ gauge boson is a natural mediator
between the dark and the visible sector.
We advocate that it is more interesting to fix a gauge setup
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2which is motivated by theoretical constructions and assess
whether a viable dark matter candidate is possible without
worrying about the further complications arising from a UV
completion [51–62]. That said, we choose to explore dark
matter complementarity in the context of collider, direct and
indirect detection searches in a specific setup where the dark
matter particle is a Dirac fermion that interacts with a Z ′
boson that possesses interactions with the SM particle as
dictated by the U(1)d−u gauge structure which appears in
grand unification studies of the E6 group [63].
The paper is organized as follows: In section I we introduce
the model; in section II we discuss the dark matter observ-
ables; in section III we exhibit our findings before concluding
in section IV.
II. MODEL
The origin of a Z ′ gauge boson is behind a new U(1)
gauge symmetry. The charges of the SM fermions under the
U(1) gauge symmetry are in principle arbitrary but should
respect SU(2) invariance with the left-handed up and down
quarks having the same quantum number [64, 65]. The same
logic applied to the left-handed charged leptons and their cor-
responding neutrino flavors. Since the new interaction is not
asymptotically free in a UV completion, the model should be
well-behaved at high energies and thus anomaly-free [66, 67].
The anomaly cancellation can be highly non-trivial and for
this reason it is theoretically interesting to consider gauge
groups that are generation-independent such as the U(1)d−u
group that arises after spontaneous symmetry breaking in
some E6 constructions [63]. The E6 symmetry is theoreti-
cally motivated because it offers a hospital environment for
unification of forces and incorporates interesting features
of SU(5) or SO(10) groups concerning the generation of
fermion masses and flavor symmetries [68–74], super heavy
dark matter [75], and collider physics [72].
In order to incorporate dark matter we introduce a Dirac
particle we write down the simplified Lagrangian that de-
scribes the dark matter interactions with the Z ′ and SM
fermion as,
L ⊃ Z ′µ
[
χ¯γµ
(
gχv + gχaγ
5
)
χ+
∑
f∈SM
f¯γµ
(
gfv + gfaγ
5
)
f
]
,
(1)
where the sum is over all quarks and leptons. The Z ′-SM
couplings in Eq.1 are determined by the SM fermion charges
under the new gauge symmetry as follows,
guv =
gZ′
2 (zuR + zQL) , gua =
gZ′
2 (zuR − zQL)
gdv =
gZ′
2 (zdR + zQL) , gda =
gZ′
2 (zdR − zQL)
glv =
gZ′
2 (zeR + zlL) , gla =
gZ′
2 (zeR − zlL)
gνv =
gZ′
2 zlL , gνa = − gZ′2 zlL . (2)
The z’s charges of the fields as shown in Table I. In our
model (Eq.1) we are assuming that the dark matter candidate
is a chiral field. Therefore the gauge anomaly cancellation
becomes non-trivial and the mechanism behind the anomaly
cancellation and Z ′ mass can change our numerical findings
[64, 67, 76–87]. We will assume that Eq.1 offers a good
description of the dark matter phenomenology and to sim-
plify our analysis we adopt gχv = gχa. The scenarios with
gχv = gχa and the gχa = 0 share a similar dark matter phe-
nomenology and this setup with gχa = 0 is equivalent to the
one of vector-like dark matter fermion. In other words, the
dark matter observables and collider bounds derived here are
similar to the one present in vector-like fermion dark matter
setups. Moreover, we adopt gZ′ = 1 throughout. That said,
Eq.1 will dictate the entire phenomenology of our work as we
describe hereafter.
We point out that E6 group breaks into SU(5) ⊗ U(1) ⊗
U(1). Depending on how the spontaneous symmetry is bro-
ken you can generate different U(1) models. The most com-
mon breaking E6 → SU(5)⊗U(1)χ⊗U(1)η , as adopted by
the CMS and ATLAS collaborations, where the physical Z ′ is
given by Z ′ = Z ′ψ cos θ+Z
′
χ sin θ, where θ is the mixing an-
gle which can be in principle suppressed. Our model U(1)d−u
resembles the Z ′ boson of the U(1)ψ model because the mag-
nitude of Z ′ couplings to right-handed fermions is the same,
but the U(1)d−u model does not have couplings to lepton-
handed fields, and for this reason the U(1)d−u model is also
known as the right-handed U(1). Anyways, the dark matter
phenomenology is dominated by the Z ′ neutral current, thus
we do not expect significant differences between our model
and the U(1)ψ model.
QL uR dR lL eR
0 −1/3 1/3 0 1/3
TABLE I. Standard Model fermions U(1)d−u charges.
A. Direct Detection
The Lagrangian with a dark matter field coupling chirally
via a Z ′ such as the one presented in Eq.1 leads to a dark
matter-nucleus scattering that is both spin-independent and
spin-dependent. The spin-independent process is coherent,
so it scales with the atomic mass of the nucleus. On the
other hand, the spin-dependent scattering goes with the net
spin of the nucleus which is not much far from one. There-
fore, bounds on spin-independent scattering are much more
stringent for heavy nuclei such as xenon that has an atomic
mass A = 131. For this reason, we will concentrate our di-
rect detection discussion on spin-independent scattering. The
WIMP-nucleon spin-independent scattering cross section in
this case is,
σSIn =
µ2χn
pi
(
Zfp + (A− Z)fn
A
)2
, (3)
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FIG. 1. Dark matter complementarity plot formχ = 50 GeV. In blue
we show the excluded region based on the recent XENON1T bound
on the spin-independent scattering cross section. In green, the region
ruled out by Fermi-LAT through the observation of dwarf spheroidal
galaxies. The red horizontal curve is the LHC limit on the Z′ mass
using dilepton data at 13 TeV. The black dashed curve delimits the
region of parameter space that yields the correct relic density.
where,
fp =≡ gχv
m2Z′
(2guv + gdv) (4)
and
fn ≡ gχvm2
Z′
(guv + 2gdv) , (5)
with µχn being the WIMP-nucleon reduced mass, Z the
atomic number of the target nucleus.
With the theoretical prediction at hand, we can compare
our finding with the current limit from XENON1T collabora-
tion presented at MPIK on May 28, 2018 1 which was later
followed by the XENON1T publication [88]. The experi-
ment limit is based on 278.8 life days exposure with 1.3 tons
fiducial mass. The expected background events are 0.75 neu-
trons, 5.36 surface events, 0.02 from neutrino-nucleus coher-
ent background among other that total about 8.4±0.63 events.
The collaboration observed about 11 events in the signal re-
gion thus with a small excess of events. Because of the pres-
ence of such excess of events the scientific goal of the collab-
oration of achieving a sensitivity to the spin-independent scat-
tering cross section down to 1 × 10−47cm2 was not achieved
but the collaboration successfully carried their analysis and
set the world leading upper limit on the WIMP-nucleon spin-
independent scattering cross section of 4 × 10−47cm2 [88].
m Z
' (G
eV
)
101
102
103
104
105
gχ
10−4 10−3 10−2 10−1 100 101
U(1)d-u
mχ = 1 TeV
Fermi-LAT
Γ Z
' ≥
 0.
5 m
Z'
Ωh2  =
 0.1
LHC: 13TeV, 36fb-1
LHC: 27 TeV, 3000fb-1
XENO
N1T -
 279 d
ays
FIG. 2. Same than figure 1 but for mχ = 1 TeV.
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FIG. 3. Same than figure 1 but for mχ = 5 TeV.
These results severely constrain our model as shown in fig-
ures 1-3. The blue hashed region is represent the XENON1T
exclusion region 2.
B. Indirect Detection
The relevant observable as far as indirect dark matter detec-
tion is the differential gamma-ray flux which depends on the
dark matter annihilation cross section, the dark matter mass,
and the final states produced in the annihilation. There are two
possible annihilation modes. One where the Dirac fermion
annihilates into SM fermion pairs and another where Z ′ pairs
are produced, the latter being relevant only when mχ ≥ mZ′ .
The dark matter particles are slow-moving, thus this annihi-
lation process is non-relativistic. That said, annihilation cross
sections are
4σv
(
χχ¯→ ff¯) ≈ nc
√
1−
m2
f
m2χ
2pim4
Z′(4m
2
χ−m2Z′)
2
{
g2fa
[
2g2χvm
4
Z′
(
m2χ −m2f
)
+ g2χam
2
f
(
4m2χ −m2Z′
)2 ]
+ g2χvg
2
fvm
4
Z′
(
2m2χ +m
2
f
)}
, (6)
and
σv (χχ¯→ Z ′Z ′) ≈ 1
16pim2χm
2
Z′
(
1− m
2
Z′
m2χ
)3/2 (
1− m
2
Z′
2m2χ
)−2
×
[
8g2χvg
2
χam
2
χ +
(
g4χv + g
4
χa − 6g2χvg2χa
)
m2Z′
]
. (7)
where v is the relative velocity of the incoming dark mat-
ter particles, nc is the color number of the final states SM
fermions. The Eq.6 is not valid near the Z ′ resonance, i.e.
when mZ′ ∼ 2mχ. In this case, the Z ′ width should be prop-
erly included. We handled this procedure numerically within
the MicrOmegas package [92–94]. With the results we found
the region of parameter space that yields that correct dark mat-
ter relic density of Ωh2 = 0.12 according to Planck [95]. The
region of parameter that furnishes Ωh2 = 0.12 is displayed in
the figures 1-3 with a dashed black curve.
Concerning indirect detection, there is another quantity to
be determined which is the gamma-ray yield. To compute it
we implemented the model in Pythia 8 [96] and took into ac-
count all relevant annihilation channels. With the annihilation
cross section and energy spectrum at hand, we can compute
the dark matter differential flux and compare with upper limits
provided by Fermi-LAT [33]. Using this procedure we drew
Fermi-LAT exclusion regions displayed in green in figures 1-
3. There are other competitive limits on the dark matter anni-
hilation cross section but we adopted the ones stemming from
dwarf spheroidal galaxies for being more robust [24, 97, 98].
Since the annihilation cross section is s-wave, the indirect de-
tection limits from Fermi-LAT trace the relic density curve as
seen in the figures. We highlight that there are bounds resulted
from the production of gamma-ray lines at one-loop level but
these bounds are not competitive for vector mediators because
of the loop suppression and the relative weak experimental
sensitivity to gamma-ray lines[99, 100].
III. COLLIDER
The collider bounds we derived are based on the dilepton
data provided ATLAS collaboration using 13TeV center-of-
mass energy with about 36 fb−1 of data [101]. Dilepton
resonance searches are effective laboratories to constrain
the properties of Z ′ gauge bosons that possess sizable
coupling to charged leptons. The couplings to quarks are also
1 https://indico.cern.ch/event/726877/
2 There are competitive limits from other experiments [20, 89–91].
sizable but dilepton searches provide stronger bounds simply
because the signal suffers from a smaller SM background.
We implemented the model in Madgraph and followed the
receipt explained in detail in [102] to find the lower mass
bound mZ′ > 4068 GeV. This bound is applicable when the
invisible Z ′ decay into dark matter is not accessible. When
mZ′ > 2mχ this invisible decay opens up diminishing the Z ′
branching ratio into charged lepton and thus weakening the
LHC sensitivity. This feature is visible in the figures 1 and
2 where the limit on Z ′ mass from LHC searches becomes
weaker once gχ = gχv = gχa reaches a reasonable value
(>∼ 0.1 − 1). On the other hand, this is clearly not visible in
fig.3 where the dark matter mass (5 TeV) always lies above
the dilepton limit on Z ′ mass.
IV. DISCUSSION AND CONCLUSIONS
In figures 1-3 we collect all these bounds to find the
allowed region of parameter space. It is quite clear how
important the recent XENON1T bound is to probe this
model. XENON1T excludes alone most of the parameter of
the model that yields the correct relic density even for dark
matter masses up to 5 TeV. The indirect detection limits are
subdominant in the case of vector mediator simply because of
the stringent bounds stemming from LHC on the gauge boson
mass. The model only survives for dark matter masses about
∼ 5 TeV. This happens because the Z ′ resonance that drives
the relic density for mZ′ ∼ 2mχ takes place outside the LHC
sensitivity. In summary, the combination of current LHC and
XENON1T data pushes the dark E6 model to live at the multi
TeV window.
Moreover, we also derived the high-energy LHC (HE-
LHC) sensitivity using the code provided in [103] with
high-luminosity. The HE-LHC reach is based on a 27 TeV
proton-proton collision with an integrated luminosity of
3000fb−1. In case of null results, this configuration can
probe Z ′ masses up to 12 TeV. This forecast is exhibited with
a dashed red line in figures 1-3.
Considering the prospects for the HE-LHC, we conclude
5from figures 1-3 that the LHC upgrade is paramount to nearly
close the window for a Dirac fermion dark matter in the E6-
inspired model described here for dark matter masses below
5 TeV. Notice that there is tiny region in figure 3 that still sur-
vives after the HE-LHC prospect is included. We emphasize
that this conclusion relies on the fact that the simplified La-
grangian in Eq.1 provides a good description of the dark mat-
ter phenomenology of the dark E6 model and that gZ′ = 1.
A smaller gZ′ coupling would certainly weaken the collider
and the direct detection bounds, however a larger gχ would be
needed to still reproduce the correct dark matter relic density.
At the end, the overall conclusions would remain the same.
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